Abstract During HIV infection of the CNS, neurons are damaged by viral proteins, such as Tat and gp120, or by inflammatory factors, such as TNF-α, that are released from infected and/or activated glial cells. Host responses to this damage may include the induction of survival or repair mechanisms. In this context, previous studies report robust expression of a protein called particularly interesting new cysteine histidine-rich protein (PINCH), in the neurons of HIV patients' brains, compared with nearly undetectable levels in HIV-negative individuals (Rearden et al., J Neurosci Res 86:2535-2542, suggesting PINCH's involvement in neuronal signaling during HIV infection of the brain. To address potential triggers for PINCH induction in HIV patients' brains, an in vitro system mimicking some aspects of HIV infection of the CNS was utilized. We investigated neuronal PINCH expression, subcellular distribution, and biological consequences of PINCH sequestration upon challenge with Tat, gp120, and TNF-α. Our results indicate that in neurons, TNF-α stimulation increases PINCH expression and changes its subcellular localization. Furthermore, PINCH mobility is required to maintain neurite extension upon challenge with TNF-α.
Introduction
HIV enters the CNS early after initial infection and at various times throughout the disease resulting in multiple insults on cells of the brain. Synaptodendritic damage to neurons can occur either directly by viral proteins or indirectly by inflammatory factors released from infected/ activated glial cells. Viral proteins such as Tat and gp120, and host inflammatory factors including TNF-α, are among those responsible for neuronal dysfunction and synaptodendritic disturbances in HIV (Bansal et al. 2000; Buscemi et al. 2007; Kim et al. 2008; Yao et al. 2009 ). However, disruptions in synaptodendritic communication and decreased network complexity have been shown to be at least partially reversible (for review, see Ellis et al. 2007) , suggesting the induction of hostmediated repair mechanisms.
In this context, our previous studies reported robust expression of particularly interesting new cysteine histidine-rich protein (PINCH) in the brains and CSF of HIV patients, compared with nearly undetectable levels in HIV-negative individuals (Rearden et al. 2008) . Our results strongly suggested PINCH's involvement with neuronal signaling during HIV infection of the brain. Other studies reported increased PINCH expression and aberrant localization patterns in post-injury Schwann cells and dorsal root ganglia neurons in the peripheral nervous system, suggesting a role in repair after neuronal damage and myelin loss (Campana et al. 2003) .
PINCH is a highly conserved intracellular protein that consists of five LIM domains and a short C-terminal tail (Rearden 1994; Wu 2004) . Although PINCH does not have a catalytic domain, it provides a framework for bidirectional signal transduction between the extracellular matrix and the intracellular network (Wu 1999) . A main role of PINCH is to guide integrin-linked kinase (ILK) to focal adhesions, which in turn form important points of communication with the extracellular matrix. The LIM1 domain of PINCH binds to the first ankyrin-repeat of ILK's N-terminus and is required for ILK localization to focal adhesions, as mutagenesis of LIM1 prevents binding to ILK and ILK's localization to focal adhesions . During development, the PINCH-ILK complex regulates cell-matrix and cell-cell adhesions, and maintains cell polarity and survival (Li et al. 2005) . Studies addressing neuronal polarization indicate that PINCH-ILK interactions are key in maintaining axon-dendrite polarity (Guo et al. 2007 ). The LIM4 domain of PINCH interacts with Nck-2, a Src homologue adaptor protein, to regulate several key components of growth factor-mediated kinase signaling through the MAPK-p38 cascade to promote neurite outgrowth (Tu et al. 1998) .
To address potential triggers for PINCH induction in HIV patients' brains, an in vitro system mimicking some aspects in the CNS during HIV infection was utilized. We investigated neuronal PINCH expression, subcellular distribution, and biological consequences of PINCH sequestration upon challenge with Tat, gp120, and TNF-α. These studies indicate that not only is PINCH increased upon stimulation with TNF-α but it must also be free to migrate throughout the cell to maintain neurite extensions.
Methods and materials
Tissue acquisition and neuropathological examination Frontal cortex brain tissue was provided by the HIV Neurobehavioral Research Center, California NeuroAIDS Tissue Network, UCSD, San Diego, CA, USA. Temple University Office for Human Subjects Protections approved all studies conducted. The diagnosis of HIVE was based on criteria established by the American Academy of Neurology and the HIV Neurobehavioral Research Center group as previously described (Langford et al. 2004b; Del Valle and Pina-Oviedo 2006; Cherner et al. 2007) . Briefly, HIVE diagnoses included areas of myelin pallor, perivascular cuffs of mononuclear inflammatory cells, multinucleated giant cells, microglial nodules, reactive astrogliosis, and detection of virus either by quantitative RT-PCR for the number of copies of HIV RNA/mg tissue or by immunohistochemical detection of the HIV capsid protein, p24 (DAKO, Carpenteria, CA, USA) (Langford et al. 2002) .
Neurons and treatments
Mouse cortical neurons were obtained from C57BL mice, embryonic day 15 (E15) (Charles River Laboratories, Horsham, PA) by enzymatic and mechanical disruption. Temple University IACUC approved all studies. Briefly, intact brain tissue was placed into Hibernate medium (Brain Bits, Springfield, IL) and cortices were dissected. Following removal of meninges, cortical tissue was incubated in TrypleExpress enzyme (Invitrogen, Carlsbad, CA) at 37°C for 10 min. After washing in PBS, tissue trituration was conducted through a glass Pasteur pipette in Neurobasal medium containing B27 supplement, and 0.25 mM Lglutamine (Invitrogen). The resulting single cell suspension was diluted in culture medium and cells were plated on poly-D-lysine (100 ng/ml) (Sigma, St. Louis, MO) coated dishes at a density of approximately 2.5×10 5 per 60 mm dish. Cytosine β-D-arabino-furanoside hydrochloride (Ara C, (10 μM)) (Sigma) was added 24 h later to enrich for neurons by inhibiting cell proliferation. HIV Tat (cat # 2222) and gp120 (cat # 2968) proteins were obtained from the NIH AIDS Research and Reference Reagent Program. Neurons were exposed to Tat (100 nM), gp120 (25 ng/ml) or TNF-α (100 ng/ml) (Sigma) for varying lengths of time and then harvested for analyses.
Cell lines
The murine HT22 hippocampal medulloblastoma cell line, a subclone of HT4 (ATCC), was maintained in DMEM with 10% FBS and sodium pyruvate (Invitrogen). SHSY-5Y, a noradrenergic subclone of the SK-N-SY neuroblastoma cell line, was differentiated with 10 μm retinoic acid (Sigma) and cultured in Neurobasal medium with B-27 supplement and 200 nM glutamine (Invitrogen).
Double-labeling immunofluorescence and deconvolution microscopy
Paraffin-embedded frontal cortex tissues were processed, and immunohistochemistry was performed using the avidin-biotin-peroxidase methodology according to the manufacturer's instructions, with modifications (Vector Laboratories, Burlingame, CA, USA). Our modified protocol included de-paraffination in xylene, rehydration from alcohol to water, non-enzymatic antigen retrieval in citrate buffer, pH 6.0, for 1 h at 95°C, and quenching of endogenous peroxidase with 10% H 2 O 2 in methanol for 20 min. After rinsing with 1× PBS, sections were blocked with normal goat serum for 1 h at room temperature and incubated overnight in a humidified chamber with rabbit polyclonal antibody against human PINCH (1:1,000) (Rearden et al. 2008) . After rinsing three times with PBS, sections were incubated with a fluorescein isothiocyanate (FITC)-conjugated secondary antibody (1:500) for 2 h at room temperature in the dark. After washing with PBS, the sections were blocked with normal horse serum and incubated overnight at room temperature in a humidified chamber with mouse monoclonal primary antibodies for specific cellular markers including anti-SV2A (synaptic vesicle 2A) (1:100, Abcam, Cambridge, MA, USA) and anti-MAP2 (1:100, Covance, Emeryville, CA, USA). Sections were incubated with a rhodamine-tagged secondary antibody (1:500) for 2 h at room temperature in the dark.
Mouse primary neurons were plated at a density of 3× 10 5 /chamber in two-well glass chamber slides (Nunc, Rochester, NY, USA). After TNF-α treatment, slides were washed with PBS and fixed for 20 min at room temperature with 5% paraformaldehyde in PBS containing 0.02% Triton-X 20 min. After three 5-min washes in PBS, slides were blocked with 5% BSA in PBS, and 0.02% Triton-X for 30 min, and incubated overnight at room temperature in a humidified chamber with anti-PINCH (1:500) (Rearden et al. 2008) or anti-ILK (1:250) antibodies (Santa Cruz Biotechnologies, Santa Cruz, CA, USA). The secondary antibodies used were FITC-conjugated anti-rabbit IgG (Vector) and rhodamine-conjugated anti-mouse IgG (Pierce) at 1:500 as describe above. All slides were mounted with an aqueous based media containing DAPI for nuclear labeling (Vectashield; Vector Laboratories) and visualized with a Nikon ultraviolet inverted microscope and processed with deconvolution software (Slidebook 4.0; Intelligent Imaging, Denver, CO, USA).
Western analyses
Nuclear and cytoplasmic extracts from cells were prepared using the Nuclear Extraction Kit (Pierce, Rockford, IL, USA), according to the manufacturer's instructions. For whole cell extract preparation, cells were lysed in 300 ml TNN buffer (50 mM Tris, 150 mM NaCl, and 0.5% NP-40 with protease inhibitor cocktail, Sigma). Cell debris was removed by centrifugation at 14,000 rpm for 15 min at 4°C. The protein concentration was measured by the Bradford assay, 35 mg lysate was loaded per well for SDS-PAGE, and proteins were transferred onto PVDF or nitrocellulose membranes. Western analyses were conducted by incubation with anti-PINCH (1:1,000, BD Biosciences, San Jose, CA, USA), anti-ILK (1:1,000, Santa Cruz Biotechnologies), anti-Nck2 (1:1,000, Santa Cruz Biotechnologies), and anti-Lamin A/C (1:1,000, Santa Cruz Biotechnologies) antibodies overnight at 4°C, followed by HRP-tagged secondary antibody (1:5,000, 1 h at room temperature, American Qualex, San Clemente, CA, USA). Anti-growth factor receptor bound protein (Grb2) (1:1,000) and antiTubulin antibodies (Cell Signaling Technologies, Danvers, MA, USA) were used as loading controls. Proteins were visualized by ECL (GE Healthsciences, Piscataway, NJ, USA), and densitometric calculations were conducted using ImageJ software (1.37v, NIH).
TNF-receptor neutralization
Neurons were treated with 10 μg/ml of neutralizing mouse anti-TNFR1 antibody (no. MAB225, R&D Systems) for 30 min (Hsiao et al. 2003) followed by TNF-α (100 ng/ml) for 72 h. Levels of PINCH were assessed by Western analyses as described above.
Immunoprecipitation
Proteins from nuclear and cytoplasmic cell lysates were prepared as described previously, and 500 mg was mixed with HNTG buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 0.1% Triton-X100, 10% glycerol, and protease inhibitors) and 2.5 mg (10 μl) of anti-PINCH antibody (BD) to final volume 500 μl. After overnight incubation at 4°C rotating end over end, proteins were mixed with 20 μl of anti-mouse IgG-Agarose beads (Sigma) and incubated for 1.5 h. After washing, the beads with the precipitated proteins were released by boiling in SDS-PAGE sample buffer for 10 min. The samples were analyzed by Western blotting with anti-PINCH (1:1,000, BD) and ILK (1:1,000, Santa Cruz Biotechnologies) antibodies as described previously.
Antibody labeling and delivery
Eight milligrams of rabbit anti-PINCH antibody was labeled using the Chromeo 488 kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's instructions. The labeled PINCH antibody was delivered into live neurons via the Chariot™ transfection reagent according to manufacturer's instructions (Active Motif). Briefly, neurons were grown to approximately 70% confluence on chamber slides as described above. The Chariot™ reagent was incubated with 500 μl of 2 μg/μl of anti-PINCH antibody (Rearden et al. 2008) for 30 min at room temperature. The mixture was diluted 1:1 in serum free media, overlaid onto neurons, and incubated for 2 h at 37°C at 5% CO 2 . Neurons were then treated with TNF-alpha and were then fixed in cold acetone and processed for immunofluorescence labeling as described.
Neuronal fitness assays
Survival was determined by Trypan blue dye exclusion as previously described (Grigorian et al. 2008; Langford et al. 2004a) . Briefly, 20 images were captured per condition, and a neurite was defined as a cellular process longer than the diameter of the cell body. Neurons with no processes longer than the cell body diameter were considered to have no processes. Neurite numbers and lengths were quantified with the aid of ImageJ 1.37v (Rasband 1997) , and at least 150 neurons per condition were counted. The sum of the neurite number and of neurite length was divided by the number of cells counted, and the neurite length per cell was divided by the neurite number per cell, and defined as the average neurite length. Neurons with overlapping neurites or neurites that could not be clearly associated with a single neuron were not counted.
Statistics
Data were generated from at least three independent experiments. Statistical analyses were conducted using the Prism 4 GraphPad software program (GraphPad Software, Inc.). Data were analyzed by one-way ANOVA with Bonferroni's multiple comparison or Tukey-Kramer multiple post hoc where appropriate, and results were considered significant if P ≤ 0.05.
Results

PINCH expression correlates with neurons showing decreased immunoreactivity for synaptodendritic markers
Our previous study showed that PINCH was expressed robustly by neurons in HIV infected patients' brains, but was undetectable in healthy controls (Rearden et al. 2008) . Likewise, these studies showed that dystrophic neurons in the brains of HIV patients showed strong PINCH immunoreactivity, whereas adjacent neurons with normal morphology displayed much less PINCH immunoreactivity. Thus, to examine more closely selective neuronal expression of PINCH in the brains of HIV patients, we assessed expression levels of synaptodendritic markers in PINCH-reactive neurons from the brains of HIVE patients. PINCH immunoreactivity was increased in neurons showing a loss of either SVA2, an immunomarker for synaptic vesicles (Fig. 1a) , or MAP2, a marker for dendritic arbor (Fig. 1b) . Conversely, neurons with intense SVA2 or MAP2 labeling showed weak PINCH immunoreactivity. These results suggest that PINCH is expressed in the brains of HIV patients by neurons that also show a loss of synaptodendritic proteins.
PINCH levels increase in neurons exposed to TNF-α and Tat, but not gp120
These findings led us to investigate potential molecular mechanisms involved in PINCH induction. Numerous studies have shown that during HIV infection of the CNS and in in vivo and in vitro model systems, Tat and gp120, and the host inflammatory factor, TNF-α, contribute to neuronal dysfunction (Sabatier et al. 1991; Glowa et al. 1992; Magnuson et al. 1995; Nottet and Gendelman 1995; Janabi et al. 1998) . To mimic some aspects of HIVassociated CNS disease in vitro, mouse primary neurons were exposed to Tat, gp120, and TNF-α. PINCH protein levels increased significantly in neurons exposed to Tat (approximately threefold, p≤0.005) and TNF-α (approximately fivefold, p≤0.001) treatment compared with una b (Fig. 2a, b) . On the other hand, exposure to gp120 did not alter PINCH levels compared with untreated control (Fig. 2a, b) . Since PINCH interacts with ILK and Nck2 at focal adhesion junctions (Tu et al. 1998; Tu et al. 1999) , we assessed ILK and Nck2 protein levels in neurons exposed to Tat and TNF-α. Both Tat and TNF-α increased ILK protein levels by approximately two-and fivefold, respectively (p≤0.01), whereas Nck2 levels were not affected (data not shown).
To address the specificity of TNF-α on changes in PINCH levels, mouse primary neurons were exposed to anti-TNF-receptor-1 neutralizing antibody followed by stimulation with TNF-α and assessed by Western analyses. Blocking the TNF receptor prior to stimulation with TNF-α greatly reduced PINCH levels (Fig. 2c) , indicating that TNF-α induction of PINCH is mediated through the TNF receptor.
TNF-α induces changes in PINCH and ILK subcellular localization in neurons
Previous studies indicate that in response to injury, PINCH expression increases in Schwann cells and dorsal root ganglia neurons, and shuttles between the nucleus and cytoplasm (Campana et al. 2003) . To assess the subcellular localization of PINCH and ILK, double immunofluorescence labeling of frontal cortex tissues from HIV patients' brains was conducted. Increased PINCH and ILK coexpression was observed clustering around the nuclei of neurons (Fig. 3a, b, arrowheads) .
Next, we assessed in vitro whether changes in the subcellular distribution of PINCH accompanied increased protein levels of PINCH upon exposure to TNF-α. In control neurons, ILK (Fig. 3c , arrowheads, red) was organized in a pattern reminiscent of cytoskeletal elements, and PINCH (green) was distributed throughout the cytoplasm and the nucleus. Upon stimulation with TNF-α, the pattern of ILK subcellular localization changed dramatically and became distributed throughout the cell, with PINCH and ILK co-localizing in the perinuclear region of the neurons.
To further characterize these changes in subcellular distribution of PINCH and ILK, analyses of protein expression in nuclear and cytoplasmic fractions were conducted. In addition to TNF-α-induced increases in PINCH expression, other interesting patterns were observed in neurons exposed to TNF-α. First, significantly more PINCH protein was present in the nuclear fractions from both TNF-α stimulated and un-stimulated neurons (Fig. 4a,  b) . PINCH levels increased approximately twofold in the nuclear fraction and fourfold in the cytoplasmic fraction in TNF-α treated neurons compared with untreated neurons (Fig. 4b) . Second, higher molecular weight immunoreactive bands of PINCH (~71-and 54-kDa) were prominent in the nuclear fraction. The higher molecular weight immunoreactive band (71-kDa) was not observed in the cytoplasmic fraction, although a faint band at 54-kDa was present (Fig. 4a, arrowhead) . Detection of the~71-kDa higher molecular weight band has been reported by our group and others and has been proposed to be the PINCH dimer (Campana et al. 2003; Rearden et al. 2008) , although this has not been confirmed. Third, ILK protein from the Fig. 2 Exposure to TNF-α and Tat, but not gp120, increases PINCH expression in mouse primary neurons. a Representative Western blot of untreated (Con), neurons exposed to 100 nM full length Tat, 100 ng/ml TNFα, or 25 nM gp120 for 72 h and reacted with anti-PINCH antibody. b Upon exposure to Tat or TNF-α, PINCH protein levels increased significantly above untreated control (*p<0.005, **p <0.001, respectively, by one-way ANOVA with Bonferroni's multiple comparison). gp120 showed insignificant changes in PINCH protein compared with control. Graphed data represents three independent experiments. c PINCH levels in mouse primary neurons treated for 24, 48, or 72 h with TNF-α or with TNF-receptor neutralizing antibody (TNFR) for 30 min followed by TNF-α for 72 h nuclear fractions of TNF-α stimulated neurons was detected as a doublet (Fig. 4a) . In this regard, ILK is reported to shuttle between the nucleus and cytoplasm, with the unphosphorylated protein accumulating in the nucleus (Acconcia et al. 2007 ). For quantitation, both bands in the doublet in the nuclear fraction of TNF-α treated neurons were analyzed and together account for the twofold increase in ILK observed in the nuclear fraction (Fig. 4c) .
No differences were observed in the cytoplasmic levels of ILK upon TNF-α treatment. These results suggest that upon exposure to TNF-α, not only do neuronal levels of PINCH and ILK increase, but subcellular localization is a Representative Western blot of PINCH and ILK in nuclear/ cytoplasmic fractionation of mouse primary neurons±TNF-α. Tubulin and Lamin A/C were used as loading controls for cytoplasmic and nuclear fractions, respectively. The same blot was stripped and re-probed with each antibody shown. b, c Graphic representation of combined results from Western analyses showing fold changes in PINCH and ILK expression in both the cytoplasm and nucleus in untreated (C) and TNF-α treated neurons, n=3, *p≤0.05, by one-way ANOVA also altered. Detection of the cytoplasmic protein, α-tubulin, and the nuclear protein, Lamin A/C, confirmed fractionation fidelity (Fig. 4a) .
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To further address the 71-kDa molecular weight PINCH immunoreactive band and the ILK doublet observed in the nuclear fractions, we immunoprecipitated proteins from both nuclear and cytoplasmic fractions with anti-PINCH antibody raised against a peptide spanning the third and fourth LIM domains of PINCH. Western analyses with anti-PINCH antibody revealed 100-and 37-kDa bands (Fig. 5a) . The 71-kDa band was not visible, and the presence or absence of the 54-kDa band was obscured by the IgG heavy chain. Proteins immunoprecipitated with anti-PINCH antibody and detected by Western analysis with anti-ILK antibody revealed a doublet in the nuclear fraction at approximately 60-kDa (Figure 5b, arrowheads) .
In the presence of TNF-α, antibody-mediated accumulation of PINCH protein results in fewer neurons with processes and in neurons with shorter processes Since exposure to TNF-α alters cellular localization of PINCH and ILK, we disrupted PINCH protein intracellular mobility and subcellular localization to assess the effects on neuronal morphology. For this purpose, the Chariot™ system was utilized to deliver anti-PINCH antibody into live neurons (Morris et al. 2001; Remacle et al. 2005; Zhang et al. 2005 ).
Control conditions included untreated and TNF-α-treated HT22 neurons, and neurons treated with Chariot™ without conjugated PINCH in the presence and absence of TNF-α. All control groups showed normal neuronal morphology consistent with untreated neurons with PINCH protein detected in the soma, processes, and nucleus (Fig. 6a, b) . Anti-PINCH antibody complexed with Chariot™ was delivered into neurons in the presence (Fig. 6e, f) and absence (Fig. 6c, d ) of TNF-α. Perinuclear accumulation of PINCH protein was observed in both cases (Fig. 6c, e) , with little PINCH detected in processes or in the nucleus. Interestingly, in the absence of TNF-α treatment, PINCH sequestration had no effect on neurite extensions (Fig. 6b, c, d, arrowheads) . On the other hand, when PINCH was sequestered followed by exposure to TNF-α, processes were retracted (Fig. 6e, f) .
Sequestration of PINCH in the presence of TNF-α decreased the percentage of neurons with processes by approximately 80% (Fig. 6g) . The lengths of existing processes were significantly shorter, as well, when compared with all other groups (*p < 0.001, Fig. 6h ). These results suggest that PINCH protein mobility is required for extensions of neurites in response to TNF-α, whereas exposure to TNF-α without sequestration of PINCH protein has no effect on neuronal process extension.
Taken together, results from these studies suggest that TNF-α induces increased PINCH protein expression and alterations in its subcellular localization. Likewise, blocking the ability of PINCH to move throughout the neuron in the presence of TNF-α results in retraction of neurites. These findings show that upon stimulation with TNF-α, levels of neuronal PINCH protein increase and significant changes in its subcellular localization occur.
Discussion
In this study, we addressed the upregulation of PINCH protein in neurons in the brains of HIV patients by mimicking some aspects of HIV infection of the CNS. Pro-inflammatory cytokine production plays a particularly important role in vivo in HIV-associated dementia (HAD), and TNF-α is among the most consistently observed and markedly elevated cytokines in HAD. Produced by both infected and uninfected activated brain macrophages and microglia (Grimaldi et al. 1991; Achim et al. 1993; Wesselingh et al. 1993; Glass et al. 1995; Wesselingh et al. 1997; Adle-Biassette et al. 1999; Rostasy et al. 1999; Saha and Pahan 2003) , TNF-α is functionally important, as it is believed to contribute to neuronal injury through direct and indirect mechanisms (Gelbard et al. 1993; Chao and Hu 1994; Fine et al. 1996; Bezzi et al. 2001) . In one study, increased plasma levels of TNF-α levels were associated with shorter time to development of HAD (Sevigny et al. 2007 ). Many in vitro studies report that TNF-α and the HIV protein, Tat, are toxic to neurons in vitro (Theodore et al. 2006; Buscemi et al. 2007) , and increased levels of TNF-α correlate with severity of HIV dementia (Wesselingh et al. 1993 ). In addition to its role in neuropathogenesis, elevated TNF-α may contribute to immunopathogenesis and can upregulate viral replication (Aukrust et al. 1994; Chun et al. 1998 ). Chariot without conjugated anti-PINCH antibody was delivered into live neurons followed by 48-h exposure to TNF-α. c, d Chariot-mediated delivery of anti-PINCH antibody in the absence of TNF-α. e, f Chariot-mediated delivery of anti-PINCH antibody followed by 48-h TNF-α treatment. g Percentage of neurons with processes, and h, average lengths of processes from untreated, TNF-α treated, Chariot delivered without anti-PINCH antibody conjugated followed by 48-h TNF-α treatment (Chariot+TNF-α), Chariot-mediated delivery of anti-PINCH antibody in the absence of TNF-α (Chariot-PINCH), and Chariot-mediated delivery of anti-PINCH antibody followed by 48-h TNF-α treatment (Chariot-PINCH+TNF-α). Results from at least three independent experiments are expressed as percentage±SEM. *p<0.001 by one-way ANOVA with Tukey-Kramer multiple post hoc
We have shown that although Tat significantly increased PINCH expression in neurons, levels of TNF-α-induced PINCH expression were twofold greater than those of Tatinduced expression (Fig. 2) . Considering the fact that Tat induces TNF-α production in neurons (Contreras et al. 2005; Buscemi et al. 2007 ), these results are not unexpected. Specifically, Tat activates the transcription of TNF-α (Buonaguro et al. 1992 ). On the other hand, exposure of neurons to gp120 failed to induce PINCH expression. Induction of TNF-α by gp120 in pure astrocytic cultures has been reported (Buriani et al. 1999) . Likewise, gp120 is toxic to neurons indirectly by activation of microglia and astrocytes, which in turn release TNF-α (Lipton 1993; Nath 2002) . If neurons were co-cultured with astrocytes, and exposed to gp120, it is possible that glial production of TNF-α may induce PINCH expression; however, this has not been shown. Although TNFR neutralizing antibodies partially blocked TNF-α-induced PINCH expression, other factors could contribute to PINCH expression as well. In this regard, upregulation of PINCH may be observed in other CNS diseases with inflammatory components. As a matter of fact, TNF-α levels in brain tissue, CSF, and plasma have been found to be elevated in several CNS disorders, including HIV infection (Merrill and Chen 1991) . Our findings support that TNF-α released as a response to infection might trigger additional stress response genes or/ and proteins, including PINCH.
Since an increase in PINCH protein was observed in neurons with decreased expression of markers for synaptodendritic complexity (Fig. 1) , we reasoned that PINCH might be induced in neurons that are damaged and are attempting to recover or to prevent further injury. Moreover, PINCH may function as a survival signal as studies in other cell systems have shown that PINCH expression by tumor cells inhibits apoptosis via ERK-BIM signaling (Chen et al. 2008) . Our findings that neurites retract upon challenge with TNF-α only when PINCH protein is sequestered (Fig. 6) points to a role for PINCH in neuronal attachment and spreading. Indeed, many studies show that without proper PINCH localization in the cell, migration and focal adhesion interactions with the extracellular matrix are disrupted (Tu et al. 1999; Dougherty et al. 2005; Li et al. 2005 ). Although we did not observe neuronal death upon PINCH sequestration and TNF-α stimulation, it is possible that apoptotic pathways may be induced in extended treatments.
Reorganization of PINCH and ILK in neurons upon exposure to TNF-α along with dramatic changes in cytoplasmic/nuclear distribution suggests functional roles for both proteins during TNF-α pathway stimulation. Regarding PINCH, previous studies described putative overlapping Cterminal nuclear localization and export signal sequences (Campana et al. 2003) , but the potential roles of PINCH in the nucleus versus the cytoplasm have not been established.
Interestingly, the~72-kDa band detected in Fig. 4 is reminiscent of the findings reported by several groups (Jiang et al. 2010; Campana et al. 2003; Rearden et al. 2008 ) and may represent a PINCH dimmer, although all analyses were conducted under reducing conditions. In our hands, upon immunoprecipitation and Western analyses with anti-PINCH antibody, the higher molecular weight 71-kDa band was not detected. The 54-kDa band that we observed in the nuclear fractions of neurons (Fig. 4) has been shown in some other studies, but its identity was not discussed (Yang et al. 2005 ) (Chen et al. 2008) . This form of PINCH may represent a degradation product of the 71-kDa band, or a modified and as yet unidentified form of PINCH.
On the other hand, the phosphorylation state of ILK has been reported as key in determining subcellular location. Acconcia et al. reported p21 activated kinase-1-mediated phosphorylation of ILK and the presence of nuclear import and export motifs in the ILK sequence (Acconcia et al. 2007 ). ILK phosphorylation mutants failed to localize to the nucleus, suggesting that phosphorylation is key for ILK transport to the nucleus. These findings parallel with our observation of an ILK doublet exclusively in the nuclear fraction of neurons exposed to TNF-α (Fig. 4) . As shown in Fig. 3c , ILK patterns in the cytoplasm reflect a "cytoskeletal-like" organization and may represent ILK complexed to a binding partner, although at this point no conclusive data exist to support this notion. Likewise, reasons for the apparent decreased PINCH-ILK colocalization in untreated neurons are unclear. Studies to elucidate whether the lower band of the doublet represents an unphosphorylated form of ILK are underway.
Taken together, these studies show that in neurons, PINCH and ILK localization and expression are regulated by TNF-α. Given that the HIV protein Tat, but not gp120, induced PINCH expression, it is quite possible that PINCH is increased in the neurons of other CNS diseases with inflammatory components. Based on studies that PINCH expression stabilizes some tumorogenic cells by averting the apoptosis pathway, it is feasible that PINCH is induced in neurons during HIV infection or other diseases as a survival signal or to initiate repair mechanisms.
